Two grades of Fe-Cr-Ni-Al-Ti-Mo maraging steels, with a different titanium content, were investigated. Particular attention was given to the correlation between the precipitated phases and the yield strength. Synchrotron X-ray diffraction, small-angle neutron scattering and atom probe experiments were performed to determine the crystal structure, shape, size distribution, chemical composition, particle number density and volume fraction of precipitates. Both alloys show a strong increase in strength after an aging treatment, which is attributed to the coprecipitation of two different intermetallic phases. Strengthening by a single precipitation of β-Ni(Al,Ti) particles induces a saturation of yield strength around 1600 MPa above a volume fraction of 6 %. The improvement of yield strength is then obtained by introducing a nanoscale coprecipitation of η-Ni 3 (Ti,Al) phase.
Experimental.
Two grades of maraging stainless steel (MLX17 and MLX19), developed by the Aubert&Duval Company, were selected. Their compositions are listed in Table 1 . All specimens were solution annealed at 850°C for 2 h, followed by a quench to room temperature and a cryogenic treatment at -80°C for 8 h. Reference aging was performed at 510°C for 8 h, followed by water quenching. Different mechanical properties could be obtained with different aging conditions: 530°C / 1h. Conventional tensile and fracture toughness tests were performed to study the effect of the nanoscale precipitation on mechanical properties. Synchrotron X-ray diffraction (XRD), smallangle neutron scattering (SANS) and three-dimensional atom probe (3-DAP) experiments were performed to analyze the crystal structure, size, volume fraction and chemical composition of precipitates.
XRD measurements were performed at the European synchrotron radiation facility (ESRF, Grenoble, France). The photon energy used for the measurements was 87 keV, corresponding to a wavelength of 0.1424 Å.
The neutron scattering experiments were performed on PAXY small-angle spectrometer of the ORPHEE facility, at the Léon Brillouin Laboratory (LLB, Saclay, France). The samples were magnetized to saturation in a field of 1.7 T, which was applied perpendicularly to the neutron incident beam. Two different setups were used for the SANS experiments: the sample-detector distances were 5 and 2 m, with a selected wavelength of 9 and 6 Å, respectively. Measured intensities were corrected for the sample transmission, background intensity and detector response using standard computer programs of the Léon Brillouin Laboratory [10] . The analysis method has been reported elsewhere [11, 12] . These experiments give access to the mean size of small particles (< 10 nm), as well as the full width at the half maximum of the gaussian distributions. The particle number densities N p were estimated, following the methods given in references [13, 14] .
The three-dimensional atom probe analyses were carried out on a LEAP 4000 HR from Cameca Instruments, in the laboratory of the Groupe de Physique des Matériaux (GPM, Rouen, France). Samples were performed by means of blanks of 0.3 x 0.3 x 15 mm 3 , that were converted into needles by electropolishing in 5% perchloric acid (70%) in acetic acid (90%) at 15 V at room temperature.
Results.
Mechanical tests.
The measured characteristics extracted from the mechanical tests are given in Table 2 . In the solution annealed state, both alloys show a relatively low strength and high ductility. The aged state results in a significant increase in strength and a decrease of the ductility, as compared to the annealed state. After the aging treatment, MLX19 has a higher level of resistance than MLX17 (a difference of nearly 130 MPa for the yield strength and 180 MPa for the ultimate tensile strength), but a lower value of fracture toughness. Ys=yield strength, UTS=ultimate tensile strength, e f =elongation at fracture, K IC =plane strain fracture toughness.
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Microstructural investigation. Synchrotron X-ray diffraction experiments were carried out to identify the crystal structure of the nanoscale precipitation and to estimate the volume fraction of retained austenite. Fig. 1 shows the XRD patterns of the steels, after the austenitizing treatment (in grey) and after the aging treatment of 8 h at 510°C (in black), for MLX17 and MLX19 respectively. In the solution annealed state, the steels contain a low amount of retained austenite (volume fraction of 2% and 4% for steels MLX17 and MLX19 respectively). For MLX17, the aging results in the formation of ordered β-NiAl phase (structure B2). The η-Ni 3 Ti phase is not identified by XRD. For MLX19, XRD results show the formation of two intermetallic phases, identified as ordered β-NiAl phase and η-Ni 3 Ti phase (structure D0 24 ). The amount of austenite does not significantly evolve after aging (volume fractions of 2% and 5% for MLX17 and MLX19 respectively). The mean size, the full width at the half maximum (FWHM) of the gaussian distributions and the particle number density N p were obtained from the SANS experiments (Table 3) . After 8 h of aging, two types of Ni-Ti-Al rich particles are clearly identified using APT analysis, as shown in Fig. 2 . The first population contains only spherical shape particles. The composition in the core of Ni-Ti-Al-rich particles was measured to be 54Ni-2.5Ti-29Al-13Fe-1.5Cr (at%) for MLX17, and 53Ni-11Ti-23Al-11Fe-2Cr (at%) for MLX19. Considering previous results obtained in similar steels [8] , this first population can be associated with the β-Ni(Al,Ti) precipitation.
Conversely, the second population shows an elongated shape. The composition in the core of Ni-Ti-Al-rich particles was determined to be 66Ni-14Ti-12Al-5Fe-2Cr (at%) for MLX17, and 71Ni-18Ti-8Al-1Fe-2Cr (at%) for MLX19, which is consistent to associate those particles to the η-Ni 3 (Ti,Al) phase. The chemical composition of the matrix was measured by atom probe analysis (Table 4 ). From this information and the chemical compositions of intermetallic phases, the volume fractions of particles were estimated ( Table 5 ). 
Discussion.
The measured yield strength and volume fraction of particles are compared with data from the literature ( Table 5 ) obtained in maraging steels. Using Table 5 , the yield strength according to the volume fraction of β-Ni(Al,Ti) particles determined by APT is shown in Fig. 3 . For volume fraction values lower than 6%, a large increase in the yield strength from 1240 MPa to nearly 1600 MPa is observed (Fig. 3) . The increase of the yield strength seems to be strongly related to the volume fraction of β-Ni(Al,Ti) particles. Above 6%, a saturation of the yield strength is found, especially for MLX17 and therefore, increasing the phase fraction of β-Ni(Al,Ti) above a critical value becomes inefficient. However, both steels MLX17 and MLX19 present a higher level of yield strength (>1600 MPa) than Ti-free maraging steels which is probably due to the co-precipitation of the η-Ni 3 (Ti,Al) particles as shown in Fig. 4 .
After an aging of 8 h at 510°C, the particle number density of β-Ni(Al,Ti), estimated from SANS experiments, is extremely high (1.7 x10 24 m -3 for MLX17 and 1.4 x10 24 m -3 for MLX19). Increasing the particle density would cause a decrease of the distance between particles and, as described by P.
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Michaud et al. [13] , the strengthening effect is saturated when dislocations inherited from the quench interacts with a large amount of precipitates as previously described into the literature. Hence, for a further improvement of the yield strength, it is necessary to form new type of efficient obstacles inducing different local stress at the interface with the matrix. The increase of yield strength ΔYs according to the volume fraction of η-Ni 3 (Ti,Al) phase is presented in Fig. 4 . The increase of yield strength ΔYs is calculated as the difference between the measured Ys and the maximum saturated Ys for a single precipitation of β-Ni(Al,Ti) particles (1600 MPa). As shown in Fig. 4 , an improvement in yield strength is obtained by introducing a nanoscale precipitation of η-Ni3(Ti,Al). The beneficial effect of a co-precipitation in increasing the mechanical resistance has already been demonstrated in in other steels, for instance by combining carbides and intermetallic precipitation [19, 20] . However, this beneficial effect due to η-Ni3(Ti,Al) precipitation induces a strong decrease of the fracture toughness ( 
Summary
In conclusion, this study shows a significant improvement in yield strength by introducing a nanoscale co-precipitation in Fe-Ni-Al maraging steels. However, this beneficial effect due to coprecipitation induces a strong decrease of the fracture toughness. To reach the requested yield strength (>1700 MPa), while keeping the initial value of the fracture toughness, it is necessary to better understand the mechanisms controlling the decrease of the fracture toughness at high strength. This is a real challenge. In this way, the effect of the cooling conditions, after each step of heat treatment, is currently being studied.
